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ABSTRACT 
 
Heart failure post-myocardial infarction remains one of the global leading causes of 
mortality. The therapeutics, available today, only ameliorate the symptoms, without having any 
preventive effect on the, functional and structural, heart-remodeling process that ensues after 
such ischemic event. For this, lately, nanotechnology has emerged as a possible alternative 
to overcome countless limitations of conventional cardiovascular medicine. The present study 
focus on the preparation of nanoparticles with resort to the emulsification and solvent 
evaporation method, using the spermine-modified acetalated dextran as polymer for selective 
drug delivery of a cardioprotective drug. Additionally, it dwells on the subsequent 
functionalization resorting to crosslinking chemistry and using propylene glycol as a 
bioconjugate, given its hydrophilic properties and ability to prolong the nanoparticles’ plasma 
half-life. The process and formulation variables, explored in this investigation, whether on 
preparation or functionalization, revealed to be of crucial importance to the nanosystem’s 
characteristics. The optimization, on propylene glycol conjugation, was not possible, for the 
drug-loaded nanoparticles, within the time frame set for the experimental work. Upon 
PEGylation, major improvements were verified in colloidal stability (assessed in cell culture 
medium) and cytocompatibility (assessed in rat myoblasts). The drug release did not follow 
the pH-sensitive solubility pattern of the polymer, that is, with burst release in acidic conditions 
and sustained release in neutral pH. Several points to take in consideration and suggestions, 
for future work, are presented on how to refine this platform for intracellular nanodelivery. 
 
Keywords: Heart Failure; Myocardial Infarction; Nanoparticles; Spermine-modified acetalated 
dextran; Pegylation    
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RESUMO 
 
Uma das principais causas de mortalidade, a nível global, continua a ser insuficiência 
cardíaca pós-enfarte do miocárdio. As terapêuticas atualmente disponíveis apenas atenuam 
os sintomas, sem qualquer efeito de prevenção no processo de remodelação cardíaca, 
funcional e estrutural, que se inicia após o episódio de isquemia. Por isto, a nanotecnologia 
tem, ultimamente, emergido como uma possível alternativa para superar as inúmeras 
limitações da terapia cardiovascular convencional. O presente estudo foca-se na preparação 
de nanopartículas recorrendo ao método de emulsificação e evaporação do solvente, 
utilizando como polímero dextrano modificado com grupos acetais e espermina para a 
veiculação seletiva de um fármaco cardio-protetor. Adicionalmente, incide na posterior 
funcionalização recorrendo a química de reticulação e utilizando como biconjugado o 
propilenoglicol, atendendo às suas propriedades hidrofílicas e capacidade de prolongar a 
semivida das nanopartículas no plasma. As variáveis de processo e formulação, exploradas 
nesta investigação, quer na preparação quer na funcionalização, revelaram ter uma 
importância crucial nas características do nano-sistema. A otimização da conjugação com 
propilenoglicol não foi possível para as nanopartículas com fármaco, dentro da janela temporal 
concebida para o trabalho experimental. Após a peguilação, foram verificadas claras 
melhorias na estabilidade coloidal (avaliada em meio de cultura) e citocompatibilidade 
(avaliada em mioblastos de rato). A libertação do fármaco não seguiu o padrão da solubilidade 
do polímero, sensível ao pH, isto é, com libertação imediata em condições ácidas e libertação 
retardada a pH neutro. Diversas considerações a ter em conta e sugestões, para futuros 
trabalhos, são apresentadas no sentido de aperfeiçoar esta plataforma de nano-veiculação 
intracelular. 
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HPLC High-performance Liquid Chromatography 
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MES 2-(N-morpholino)ethanesulfonic Acid 
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NP Nanoparticles 
PBS Phosphate Buffer Saline 
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PEG Polyethylene Glycol 
PVA Polyvinyl Alcohol 
Sulfo-NHS N-hydroxysulfoxuccinimide 
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ZP Zeta Potential 
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1. INTRODUCTION 
1.1. NANOTECHNOLOGY IN CARDIOVASCULAR DISEASE 
 
Atherosclerotic cardiovascular diseases continue to be one of the leading causes of 
death worldwide, with the majority of mortality resulting from heart failure (HF) post-myocardial 
infarction (MI) and half of those diagnosed with severe HF dying within five years (1–5). 
The first stage of atherosclerotic plaque formation is the activation of endothelial cells 
of artery walls, due to genetic disorders or numerous environmental risk factors (6). Monocytes’ 
migration occurs, accompanied by the maturation and assembly of the former into 
macrophages and the latter towards foam cells (7). The smooth muscle cells proliferation, 
along with the progressive synthesis of extracellular matrix, provide fertile ground for lipids, 
cholesterol crystals and micro-vessels to create a necrotic central core, which substantially 
increases the risk of plaque rupture and MI (8). 
A severe ischemic event, as in reduce blood supply to the heart with consequential 
shortage of oxygen, results in MI, an incident characterized by a massive loss of 
cardiomyocytes, which cannot be replenished by the adult human heart due to the limited 
innate proliferative capacity of these cells (9–12). Afterwards, a succession of complex and 
irreversible responses lead to adjustments in the cardiac muscle structure and/or function, 
where the degree of injury depends on the location and time following the event (11–13). The 
affected myocardial region is replaced by fibrotic scar tissue, which ensues progressive 
contractile dysfunction and pathological remodeling of the left ventricular wall, both which, in 
turn, ultimately lead to HF (11,14). 
In clinical practice, revascularization strategies, followed by palliative care, are the 
standard care for acute MI (15,16). However, these approaches only ameliorate symptoms 
without treating the injury at the source and there is no therapy for the heart-remodeling 
process that arises post-MI. On a similar note, the only options for patients with end-stage HF 
are either heart transplantation, for which few donors are available, or left-ventricular assist 
devices, which increase the risk of stroke (17). 
While extensive efforts have been made do prevent, limit or event treat MI and HF, 
there is still no up to date answer on how to successfully restore the function of an injured 
heart. Considering the urgency to restrain mortality, morbidity, healthcare costs and the rising 
prevalence of such diseases, one must highlight the impeding need for innovative solutions 
and the prospect of nanotechnology to come in handy (18,19). 
Nanotechnology has had a tremendous impact in the research field. Among many novel 
nanomedicine approaches, some have been envisioned, applied and developed as nanosized 
vectors for delivery of therapeutics to the ischemic heart, given their unique abilities in 
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overcoming countless limitations of conventional cardiovascular medicine (11,12,20–29). One 
of nanoparticles’ (NP) major advantages lies with the possibility of intravenous administration 
(30). This is particularly important in clinical practice, if one considers that the administration 
of potential cardioprotective (CP) new alternatives is often performed locally, with such 
drawbacks as the procedure requiring highly trained personnel and being invasive, costly and 
prone to complications (31). 
1.2. SINGLE EMULSION AND SOLVENT EVAPORATION METHOD 
 
Solvent evaporation method remains the most useful method for drug encapsulation, 
despite the numerous others techniques that have been reported (32,33). The drug 
encapsulation by solvent evaporation is widely applied in pharmaceutical industry to attain 
controlled release, mainly because these fabricated nanospheres have outstanding benefits 
such as: reducing the dose frequency, increasing patient’s compliance and drug targeting to 
specific locations, all of which result in an overall higher clinical efficiency (34,35). 
The choice among the different solvent evaporation methods depends on the 
hydrophilicity or hydrophobicity of the drug, being as for moderately water soluble or water 
soluble compounds a poor entrapment of the drug will ensue unless one resorts to a double 
emulsion (32,36).  
For insoluble or poorly water-soluble drugs, the oil-in-water method (represented in Fig. 
1) is usually employed. First, the polymer is dissolved or dispersed in an organic solvent, 
followed by dissolution of the hydrophobic drug in the organic solvent containing the polymer. 
Next, the organic phase is emulsified, through high shear homogenization or sonication, in an 
aqueous solution, using a surfactant (concept which is clarified bellow), to form a stable oil-in-
water emulsion. Finally, the organic phase is allowed to evaporate with the formation of a 
suspension of NP, which may then be recovered by centrifugation, filtration or lyophilization 
(36,37). 
Surfactants are amphiphilic molecules, which means that one part of the molecule is 
hydrophilic - has more affinity towards polar solutes such as water - and the other one is 
hydrophobic - has more affinity towards non-polar solutes such as hydrocarbons. These, also 
named, tensioactive agents, are consistently applied in the dispersion of one phase in another 
immiscible one, governing the effectiveness of the emulsion formation. These molecules tend 
to align themselves at the surface of the droplets reducing the surface tension, that is, lowering 
the free energy at the interface between the two phases (oil and water) and thus stabilizing the 
obtained emulsion - by avoiding the agglomeration and coalescence of the droplets during the 
emulsification process (36–38). 
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Fig. 1 - Basic steps for the single emulsion and solvent evaporation technique 
1.3. SPERMINE-MODIFIED ACETALATED DEXTRAN 
 
Polymers whose shape and/or solubility is modified in response to a stimulus have 
many biomedical applications in which targeted drug delivery is desired (39). One of the most 
prominent avenues for controlled release has to do with the exploitation of in vivo natural pH 
differences by using pH-sensitive polymers (40). These polymers are relatively stable at the 
extracellular pH of 7.4 yet quickly degrade, and thus selectively release the payload, under 
mildly acidic conditions as those which may be found in sites of inflammation, lysosomal 
compartments or in tumor tissue (41–43) This localized discharged of the therapeutic agent 
allows for dose-sparing with increased efficacy and reduced toxic side effects (44,45). 
Dextran, a bacterially derived homopolysaccharide of glucose, has a history of human 
use in clinical applications for plasma volume expansion and substitution (46). Therefore, it 
appeared to be well poised for a solubility switching mechanism envision, so that its solubility 
in water or organic solvents could be reversibly modified. In fact, it can be rendered insoluble 
in water in the form of acetalated dextran (AcDex), by turning dextran’s hydroxyl groups into 
acetal-protecting groups. In contrast, in acidic environments, AcDex undergoes degradation 
with the pendant acetal groups hydrolysis unmasking the parent hydroxyl groups and so the 
organic-soluble AcDex is converted back into the water-soluble dextran, as depicted in Fig. 2  
(42,47). 
AcDex is considered to be biodegradable due to its innocuous byproducts: dextran (a 
sugar), acetone (a nontoxic and common metabolite intermediate) and methanol (MeOH) 
(nontoxic in small quantities) for acyclic acetals and dextran and acetone only for the cyclic 
ones (42,48,49). Furthermore, it figures among the most promising pH-sensitive biopolymers 
for the reasons stated ahead. Firstly, its uniqueness in the sense that, unlike the other 
commonly used polymers, its decomposition products are of neutral pH hence ensuring that 
the encapsulated cargos are not harmed. Secondly, its degradation rate being easily tunable 
through the acetal coverage, which is, in turn, governed by the synthesis reaction time - a 
longer reaction time entails a high degree of thermodynamically stable cyclic acetals (marked 
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in light blue, Fig. 2) which take time to hydrolyze, whereas shorter reaction times produce more 
kinetically favored acyclic acetals (marked in dark blue, Fig. 2) which hydrolyze quickly (49,50). 
And finally its facile synthesis which is, in a nutshell, a single vessel reaction with subsequent 
purification through precipitation (51). 
The acetalated-polymer has been extensively studied and revealed to be particularly 
promising for the development of biocompatible delivery platforms (52–55). This does not 
come as a surprise if ones takes into consideration that its termini can be easily functionalized 
(56,57). For example, through reductive amination chemistry it is possible to form spermine-
modified AcDex (AcDexSp), which besides inheriting the pH-responsiveness of AcDex 
introduces new features such as enhancement of cellular uptake (since the polymer becomes 
cationic) and the ability for further conjugation (since the termini amine groups are more 
reactive) (43,54,55). 
AcDex microparticles have been reported in terms of potential as a delivery vehicle for 
therapeutics to the heart post-MI. Suarez et al. achieved tunable release, between days and 
weeks, unlike other materials previously tested which have define release rates in the ischemic 
environment. For this, it was only required to vary the reaction time so that the ratio of cyclic 
and acyclic acetals could be adjustable. They also took advantage of the polymer’s pH-
sensitivity since mildly acidic conditions may be found in ischemic tissue (pH 6.0-7.0) (17). 
Later on, Suarez et al. demonstrated optimal timing for delivery of CP molecules, as releasing 
of multiple factors over a wide range of time frames enabled positive tissue remodeling 
following ischemic damage post-MI (58). 
 
Fig. 2 - AcDex and dextran chemical structures 
1.4. BIOCONJUGATION 
 
Bioconjugation entails the chemical interaction of biologically active molecules, the so-
called functional groups, to NP, which via upgrading their stability, functionality and 
biocompatibility render them ideal for clinical applications (59). 
Among these functional groups, polyethylene glycol (PEG) is the most widely employed 
to prolong nanocarriers plasma half-life since. In in vivo applications, the opsonins (portions of 
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the plasma proteins which adsorb to the surface) may endorse non PEG-modified NP 
recognition by the mononuclear phagocyte system and consequently lead to their rapid 
removal from the bloodstream (60–63). Seeing as phagocytic cells are negatively charged, 
depending on the NP’ surface, these opsonins can be crucial to avoid repulsion and endorse 
engulfment and transport of the material for degradation (in the liver and the spleen) and 
excretion (in the kidneys) (64,65). 
In other words, PEGylated NP have the ability to evade uptake by the 
reticuloendothelial system and are able to remain in the systemic circulation with an enhanced 
permeability and retention effect verified in the diseased-affected area (64,66). Besides, PEG 
is responsible for the so-called “stealth” behavior for diminishing the NP interaction with non-
targeted molecules. Moreover, due to its hydrophilic ethylene glycol repeats, solubility in serum 
is increased. For all of this, PEG establishes itself as the gold-standard cloaking agent 
(64,67,68). 
Sun et al. demonstrated PEGylation’s ability to prolong in vivo NP’ half-life and hence 
significantly enhance longevity of its therapeutic action, since PEGylated NP, administered at 
much lower frequency than their unmodified parental molecules, produce similar extent of 
benefit and displayed comparable binding affinity to glucagon-like peptide-1 receptors. In 
short, PEGylated NP, functionalized with exendin-4, showed a CP effect in heart failure 
induced by MI (69). 
Zhang et al. determined that PEGylated lipid-based NP loaded with baicalin, which has 
been proved to ameliorate acute MI, improved the pharmacokinetics profile with a prolonged 
circulation time and thus an increase in the area under the curve. Furthermore, PEG was 
shown to enable decrease of infarct size on the heart due to passive targeted delivery to the 
ischemic area with greater local NP’ concentration (70). 
Shao et al. confirmed that the PEGylation of heart-targeted NP could improve their 
plasma half-life and also provide a sustained and persistent release of loaded CP drugs (71). 
1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC)-N-hydroxysuccinimide (NHS)- 
mediated reaction is one of the most attractive approaches and has been extensively applied 
in the conjugation of biomolecules onto different substrates due to its high conversion 
efficiency, mild reaction conditions and excellent biocompatibility with little to no effect on the 
bioactivity of the target molecules (72). 
Through EDC/NHS (zero-length crosslinking agents) coupling chemistry, the terminal 
carboxylic groups (of the PEG molecules) can be reacted with primary amines (of the AcDexSp 
NP’ surface) to yield an amide bond (73). This mechanism is represented in Fig 3. and 
thoroughly explained below. 
EDC, a water-soluble carbodiimide, reacts with the carboxylic moiety to form an O-
acylisourea intermediate that is prone to degradation. The latter might take place as hydrolysis 
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(to regenerate acid groups), dehydration (with neighboring carboxylic acids to produce an 
anhydride) or intramolecular acyl rearrangement (to form N-acylurea). In spite of this, this O-
acylisourea reactive ester, when in contact with N-hydroxysulfoxuccinimide (Sulfo-NHS) (the 
water-soluble analog of NHS), is stabilized by means of conversion to an amine-reactive semi-
stable Sulfo-NHS ester (74–77). At last, upon exposure of such active ester to primary amines, 
a nucleophilic attack takes place and a covalent bond is formed between the PEG molecule 
and the surface of the NP (78,79). 
 
Fig. 3 - Mechanism of bioconjugation through EDC/NHS coupling chemistry 
1.5. KINETIC MODELING ON DRUG RELEASE 
 
Drug release refers to the process in which drug solutes migrate from the inner 
polymeric matrix to the polymer’s outer surface and, from there, to the release medium (80). 
In general, the drug release rate from polymeric nanoparticle-based delivery systems 
depends on: drug solubility, desorption of the surface-bound or adsorbed drug, drug diffusion 
through the polymeric matrix, erosion of the NP’ matrix (due to polymer degradation) and the 
combination of erosion and diffusion processes (81). Additionally, several other factors such 
as the drug-polymer interaction, the pKa of the drug and the amount of drug loaded in the NP 
can influence the drug release from nanostructured systems (82). 
Taking into account that mathematical models development requires in-depth 
knowledge of the ensemble of phenomena ruling release kinetics, they turn out to have a great 
value in the process of formulation optimization, mostly because an accurate prediction of the 
drug release profile will lead the way to better therapeutic efficacy and safety use of such drug 
(83–85). 
 Nevertheless, a mathematical model is focused on one or two dominant release-driving 
forces, so it comes as no surprise that some disconnections may be found between literature 
and experimental data, since there are multiple complex driving forces in a single release 
process (80). Therefore, mathematical modeling may, indeed, be merely perceived as a 
“mathematical metaphor of some aspects of reality” (86).  
A kinetic model is based on a mathematical function that describes the dissolution 
profile and elucidates about the solute transport mechanism (80,86). In order to find the ideal 
Development of pH-sensitive Polymeric Nanoparticles for Targeted Drug Delivery to the Ischemic Heart 
 
Gonçalo Alexandre da Conceição Duarte Marques 18 
one, one must proceed to the linear regression analysis of their corresponding functions (Table 
1) (87). These kinetic model approach includes zero-order, first-order, Higuchi, Hixson-Crowell 
and Korsmeyer-Peppas, whose features are detailed in the Tables below. The first four are 
employed to determine the drug kinetics release, whereas Korsmeyer-Pepppas is a more 
generic equation whose exponent analysis describes the mechanism of drug release (Table 
3) (82,86). 
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Table 1 - Functions of the various kinetic models (82,86–89) 
 Equation Parameters definition Graphical plots 
Zero-order C = k0 x t 
C: concentration of the drug 
k0: zero-order rate constant 
t: time 
Cumulative % drug released 
vs. time 
First-order 
logC0 – logCt 
= 
k1t / 2.303 
C0: initial concentration 
Ct: concentration at time t 
k1: first-order rate constant 
t: time 
Log cumulative % drug remaining 
vs. time 
Higuchi Q = kh x t1/2 
Q: amount of drug released at time t 
kh: Higuchi constant 
t: time 
Cumulative % drug released 
vs. square root of time 
Hixson-
Crowell 
Q01/3 – Qt1/3 = 
khc x t 
Q0: initial amount of drug 
Qt: remaining amount of drug at time t 
khc: Hixson-Crowell constant 
t: time 




Mt - Ma = 
Kkp x tn 
Mt - Ma: drug fraction release at time t 
kkp: Korsmeyer-Peppas constant 
t: time 
n: release exponent 
Log cumulative % drug released  
vs. log time 
(Limited at the first 60% of cumulative release) 
    
Table 2 - Summarized characteristics of the various kinetic models (82,84,89–96) 
 Release proportionality Application in delivery systems 
Release 
mechanism 
Zero-order Directly at time 
- Transdermal systems 
- Osmotic systems 
- Insoluble matrices with low soluble drugs 
Diffusion 
First-order At the amount of drug remaining 
- Absorption and/or elimination of drugs 
- Porous matrices with water-soluble drugs 
Diffusion 
Higuchi At the square root of time 
- Transdermal systems 




At the surface area of the system - Various pharmaceutical forms such as tablets Erosion 
 
Table 3 - Korsmeyer-Peppas’s interpretation of release mechanisms (82,86–88) 
Release exponent (n) Drug transport mechanism Release mechanism 
n < 0.5 Quasi-fickian diffusion Partial diffusion 
n = 0.5 
Fickian diffusion  
(identical to Higuchi model) 
Diffusion 
0.5 < n < 1 Non-fickian (anomalous) transport Diffusion and erosion 
n = 1 
Case II transport 
(identical to zero-order model) 
Diffusion 
n > 1 Super Case II transport Erosion 
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2. AIMS OF THE STUDY 
 
The specific objectives of the present work were as follows: 
 
(1) To encapsulate a poorly water soluble drug into a pH-sensitive polymer by an oil/water 
single emulsion and solvent evaporation method, as well as optimize the NP preparation 
method in terms of organic solvent type, surfactant concentration, evaporation time, 
aqueous phase volume and polymer and drug amount; 
 
(2) To functionalize, through EDC/NHS coupling chemistry, the surface of the NP with PEG 
for enhancement of their colloidal stability and cytocompatibility and optimize said 
conjugation reaction in terms of pH, ratio and time; 
 
(3) To test the NP for cytocompatibility and colloidal stability, in a cardiac cell line and its cell 
culture medium (CCM), respectively; 
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3. MATERIALS AND METHODS 
3.1. NANOPARTICLES PREPARATION 
 
 The preparation of AcDexSp NP was based on an oil/water single emulsion and solvent 
evaporation method (41). 
First, the AcDexSp polymer (12,5mg) was dissolved in dichloromethane (DCM) 
(0,25mL) and then the CP drug 3,4,5-trisubstituted isoxazole (C1) (1mg) (97) was added to 
this solution if drug-loaded NP were being prepared. Afterwards, an aqueous solution of 
polyvinyl alcohol (PVA) (Mw: 31000-50000g/mol, Sigma) (0,5mL, 2,5% w/v) was further added, 
followed by 30s of sonication on an ice bath, with an output setting of 5 and a duty cycle of 
50%, using a probe sonicator (Vibra-cell VCX 750 ultrasonic processor, Sonics and Materials, 
Inc., USA). The emulsion formed was immediately poured into a second PVA aqueous solution 
(1.5mL, 0.2% w/v) and magnetically stirred at 300rpm for 3h to allow the evaporation of the 
organic solvent at room temperature. Next, the NP were recovered by centrifugation (16100g, 
5min), re-suspended twice with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 
(pH 7.4, 10mM) and once with Milli-Q-water (pH 8.0), being that after each washing step the 
NP were pelleted while keeping all the supernatants for high-performance liquid 
chromatography (HPLC) detection. 
Reverse phase HPLC (Agilent 1100 series HPLC system, Agilent Technologies, 
Germany) was used with Gemini® C18 column (Gemini-NX, 3mm C18, 110 Å; Phenomenex, 
CA, USA) as the stationary phase and a mixture of phosphoric acid (0.1% v/v, pH 2.0) and 
MeOH (solvent ratios of 35:65 v/v) as the mobile phase. For detection, 20µl of standard drug 
solutions or sample solutions were injected. The flow rate was set at 0.9mL/min and 
determination at a wavelength of 280nm with a retention time of 4.489min. A standard plot of 
the drug, using MeOH as solvent, was generated over the concentration range of 0.25-
128µg/mL and was found to be linear with r2 value of 0,9941. 
The encapsulation efficiency (EE) and loading degree (LD) were calculated by Eq. (1) 
and (2), respectively. Both of them were quantified by dissolving a known amount of NP in 
MeOH and then proceeding to HPLC analysis as previously described. 
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In the previous emulsification-solvent evaporation process, the influence of several 
process and formulation variables (organic solvent type, surfactant concentration, polymer 
amount, evaporation time and aqueous phase volume and drug quantity) was studied on the 
preparation of AcDexSp drug-loaded NP. Each one of these variables was assessed at a time 
while keeping all the other variables and geometry of the fabrication system constant. 
 
ORGANIC SOLVENT TYPE  
 Two solvents were tested with the AcDexSp polymer and the C1 drug: ethanol (EtOH) 
and DCM. The NP produced (n=4) with both solvents were characterized by dynamic light 




In this investigation, a single non-ionic surfactant, PVA, was used in varying 
concentrations: 2 (n=1), 2.5 (n=2) and 3% (n=2) in order to find the optimal suitable condition 
for small and drug-loaded NP - with low size and polydispersity index (PDI) and high EE. 
 
POLYMER AMOUNT, EVAPORATION TIME AND AQUEOUS PHASE VOLUME 
Among these three parameters: polymer amount, evaporation time and aqueous phase 
volume (of the aqueous phase in the evaporation step) two possibilities were tested out: 
12.5mg, 2h and 2.5mL (n=1) versus 25mg, 3h and 1.5mL (n=2). 
 
DRUG QUANTITY 
In order to further optimize NP’ formulation, tryouts with two fractions of C1 drug: 1mg 
(n=3) and 4mg (n=5) were performed. 
3.2. NANOPARTICLES FUNCTIONALIZATION 
 
The surface of the NP was modified with PEG (CO2H-PEG-CO2H, Mw: 2000g/mol, 
Sigma-Aldrich, USA). A solution of EDC/NHS was prepared by adding 4µl of EDC and 1mg of 
NHS in proportion to 1ml of 2-(N-morpholino)ethanesulfonic acid (MES) buffer, while adjusting 
the pH to 7.0. First, PEG was dissolved in the previous solution followed by the NP in an 
optimized ratio of 1:10 (NP: PEG). The conjugation reaction ensued, magnetically stirred at 
300rpm, for 4h and at room temperature. Finally, the PEGylated NP were pelleted by 
centrifugation (16100g, 5min) and washed twice with Milli-Q-water (pH 8.0). 
Considering the vast amount of different NP and biomolecules reported so far, there 
are no standardized protocols for NP functionalization. Therefore, one must optimize the 
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bioconjugation conditions while aiming at providing a valid coupling strategy. In this PEGylation 
process, the influence of a few process and formulation variables (pH, NP:PEG ratio and 
reaction time and physical adsorption) was studied on the preparation of AcDexSp-PEG bare 
NP. Each one of these variables was assessed at a time while keeping all the other variables 
and geometry of the preparation method constant (98). 
 
pH 
The coupling was performed in MES buffer, which is a non-amine and non-carboxylate 
buffer and thus ensures no interference. Two protocols were examined: carboxyl activation at 
pH 5.0 with subsequent - before the addition of the NP - increase to 7.0 (n=1) versus entire 
coupling at pH 7.0 (n=1). 
 
NP: PEG RATIO AND REACTION TIME 
Two time points were tested against different NP: PEG ratios: 1:4, 2h (n=1); 1:4,4h 
(n=1); 1:2, 2h (n=1); 1:2, 4h (n=1); 2:1, 2h (n=1); 2:1, 4h (n=1); 4:1, 2h (n=1); 4:1, 4h (n=1). 
 
PHYSICAL ADSORPTION 
As a mean to certify the success of the functionalization, a physical mixture of PEG and 
NP (n=1) was compared to the optimized conjugation (n=3). 
3.3. NANOPARTICLES CHARACTERIZATION 
 
3.3.1. SIZE, PDI AND ZP 
The size and PDI were performed using DLS with a Zetasizer Nano ZS (Malvern 
Instruments Ltd., UK), by using a disposable polystryrene cuvette (SARSTEDT AG & Co., 
Germany), whereas zeta potential (ZP) was measured by ELS using a disposable folded 
capillary cell (DTS1070, Malvern, UK) with the same instrument. Prior to the experiments, 
which were all conducted in triplicate, the NP were dispersed in an aqueous solution (Milli-Q-
water, pH 8.0). The aforementioned techniques were applied in the physicochemical 
characterization of bare, conjugated (n=5) and non-conjugated (n=5), and drug-loaded, 
conjugated (n=3) and non-conjugated (n=3), NP. 
3.3.2. MORPHOLOGY 
The morphology of the NP was evaluated by TEM (Jeol JEM-1400, Jeol Ltd., Japan). 
For this purpose, samples were dispersed in aqueous solution (Milli-Q-water, pH 8.0) and a 
drop of the suspension placed on a carbon-coated copper grid (300 mesh; Electron Microscopy 
Sciences, USA) and left to dry at room temperature overnight. 
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3.3.3. CHEMICAL COMPOSITION 
 The chemical composition of PEG-functionalized and C1-loaded AcDexSp NP was 
studied with a Fourier-transform infrared spectroscopy (FTIR) spectrometer (Bruker Optics, 
Germany) and an attenuated total reflectance (ATR) sampling accessory (MIRacle, Pike 
Technology, Inc.). The ATR-FTIR spectra were recorded in the wavenumber region of 4000-
650cm-1 with a resolution of 4cm-1, at room temperature, using OPUS 5.5 software (Bruker, 
USA). 
3.3.4. BEHAVIOR UNDER PHYSIOLOGICALLY RELEVANT pH-CONDITIONS 
 The behavior under physiologically relevant pH-conditions was accessed for AcDexSp 
and AcDexSp-PEG NP. Both types were individually added, at a concentration of 1mg/mL, into 
the buffer solutions - pH 7.4 and 5.0, to simulate the extracellular and intracellular environment, 
respectively. At different time points, samples (100µl) were withdrawn and immediately treated 
with a triethanoloamine (TEA) solution (0.01% v/v; 1mL, pH 8.0) to terminate the degradation 
process of the polymer. These samples were then centrifuged (16100g, 5min) and redispersed 
in the TEA solution. TEM imaging was performed as described in section 3.3.2. 
3.3.5. DRUG RELEASE 
 The in vitro release of C1 drug from the nanocarriers was carried out under 
physiologically relevant pH-conditions – with two buffers: phosphate buffer saline (PBS) (pH 
7.4) and acetate buffer (AB) (pH 5.0), to simulate the extracellular and intracellular 
environment, respectively. The drug-loaded NP were immersed in the appropriate release 
medium and stirred (150rpm) at 37±1°C. Free C1 served as control. For each test, samples of 
200µl were taken at specific time points (2, 5, 10, 20, 30, 60, 120, 180, 360 and 1440min) and 
the same volume of preheated fresh medium was added back to maintain the final volume 
constant during the release experiment. 
The samples were then centrifuged (16100g, 3min) and the supernatants collected for 
drug content quantification by HPLC as described in section 3.1. For the PBS, the standard 
plot mentioned in section 3.1. was used. Conversely, for the AB, a standard plot of the drug, 
using acetate as solvent, was generated over the concentration range of 0.05-50µg/mL and 
was found to be linear with r2 value of 0,9999. 
After the regular procedure concerning NP production, the exact volume of the 
suspension was measured and the content divided between two Eppendorf tubes. This step 
was then repeated resulting in a total of four Eppendorf tubes with the same approximate 
amount of NP. Next, centrifugation (16100g, 5min) was performed, the supernatants removed 
and the pellets kept within the Eppendorf tubes, which were placed in the oven, at 40°C, and 
left to dry overnight. Afterwards, the samples were weighted, being as the weight of their 
respective empty Eppendorf tube had already been taken. Three of the samples were 
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employed in the release assay. The other one was used to determine the LD (as described in 
section 3.1.), so that the volume of the buffer could be estimated in order to ensure sink 
conditions. 
This in vitro release assessment was executed in triplicate and the corresponding data 
are represented as mean ± standard deviation. 
3.3.6. STABILITY IN CELL MEDIUM 
The colloidal stability of the NP was evaluated in Dulbecco’s modified eagle medium 
(DMEM) medium containing 10% of fetal bovine serum (FBS). Briefly, the NP (500µg) were 
dispersed in 1mL of CCL for 2h under stirring (300rpm) at 37±1°C. At the following time points: 
5, 10, 30, 60, 90 and 120 min, samples of 200µl were withdrawn and diluted 5x in Milli-Q-water 
(pH 8.0) for DLS and ELS measuring. This procedure was performed for AcDexSp (n=3) and 
AcDexSp-PEG (n=2) NP and the corresponding data are represented as mean ± standard 
deviation. 
3.1.7. CYTOCOMPATIBILITY STUDIES 
 In the cellular viability (CV) studies, H9c2(2-1) (ATCC® CRL-1446TM) embryonic rat 
heart-derived (ventricular) cells (myoblasts) were used because they have been widely used 
models for mimicking the response of primary cardiomyocytes to cardiac diseases (99–101). 
 The cells were seeded at densities of 1x104 cells/well in 96-well plates (Corning, USA) 
and allowed to attach overnight. Afterwards, treatment of the cells ensued with a serial of 
concentrations of both bare and drug-loaded NP (25, 50, 100, 250, 500 and 1000µg/mL) in the 
CCM. After incubation, during 3 and 24h at 37°C, the plates were brought to room temperature 
for 30min and washed twice with Hank’s Balanced Salt Solution (HBSS-HEPES, pH 7.4). Next, 
the plates were shaken for 2min after the addition of the assay reagent (CellTiter-Glo®, 
Promega, USA). The luminescence (LS) was measured in a Varioskan Flash Multimode 
Reader (Thermo Fisher Scientific), based on the principle that the ATP content of the cells is 
directly proportional to the CV, calculated by Eq. (3). Cells incubated in CCM, in Triton X-100 
(1%) and in assay reagent were used as positive, negative and blank controls, respectively. 
 





All these experiments were executed in triplicate. The levels of significance, assessed 
against the positive control, were evaluated by the Student’s t-test and the probabilities set at 
*p <0,05, **p <0,01 and ***p <0,001.  
Development of pH-sensitive Polymeric Nanoparticles for Targeted Drug Delivery to the Ischemic Heart 
 
Gonçalo Alexandre da Conceição Duarte Marques 26 
4. RESULTS AND DISCUSSION 
4.1. NANOPARTICLES PREPARATION 
 
ORGANIC SOLVENT TYPE 
As shown in Fig. 4, the results in terms of size, PDI and ZP were quite similar for both 
solvents. Despite this, the TEM observations revealed some differences between the two. 
The NP prepared with DCM are spherical and more uniformly sized, while the use of 
EtOH provides NP which appear to be partly collapsed. The disparity, between DLS and TEM, 
may be attributed to the fact that while the TEM technique measures NP in a dry state, DLS 
does it in an aqueous environment (55,102). 
The above could be explained by DCM’s high immiscibility with water, low boiling point 
and high saturated vapor pressure which guarantee a high solvent evaporation rate. EtOH, 
conversely, is miscible with water, so there is a higher flux of solvent from the inner oil phase 
towards the external aqueous phase, which disturbs the solidification step and hence the final 
structure (36,102). 
For the technique of encapsulation by an oil/water single emulsion and solvent 
evaporation, a suitable organic solvent must be able to dissolve both the chosen polymer 
(AcDexSp) and drug (C1), be immiscible in the aqueous phase and also have a high volatility, 
a low boiling point and low toxicity, as is the case for the two solvents employed. The 
advantage of using another organic solvent, instead of DCM, is related to toxicity. DCM is 
confirmed carcinogenic according to EPA data and so great efforts have been made to find a 
less toxic replacement, such as EtOH. However, DCM is still the most used for hydrophobic 
drug encapsulation with solvent evaporation technique, as established in the present study 
(36). 
 
Fig. 4 - DLS, ELS and TEM for the NP prepared with EtOH and DCM 
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SURFACTANT CONCENTRATION 
As can be seen (Fig. 5), the ZP results were approximately the same regardless of PVA 
varying concentrations, since a non-ionic surfactant was employed. 
A decrease in both size and PDI of the NP was verified with increasing PVA 
concentration. One might infer that the amount of surfactant plays a critical role in both size 
and size distribution. In fact, smaller nanodroplets have larger surface areas and thus require 
more surfactant to stabilize the emulsion. Less surfactant, on the other hand, results in the 
formation of less stable emulsions with NP larger in size and PDI. It is therefore (37,103–106). 
A decrease in EE was observed with increasing PVA concentration. When surfactant 
concentration reaches the critical micelle concentration, further addition of PVA will arrange as 
micelles instead of additionally reducing the surface tension. Bearing this in mind, with a 
greater amount of PVA, the C1 drug, being hydrophobic, may tend to diffuse out from the oil 
nanodroplets and solubilize as micelles in the aqueous phase (36,37). 
Subsequently, a compromise ought to be reached between the lower size and PDI and 
highest EE and so the 2,5% concentration of PVA was selected. 
 
Fig. 5 - Size, PDI, ZP and EE for the varying concentrations of PVA 
 
POLYMER AMOUNT, EVAPORATION TIME AND AQUEOUS PHASE VOLUME 
As is evident from bellow (Fig. 6), doubling the amount of polymer while simultaneously 
altering the evaporation step – by increasing the time and reducing the volume of the aqueous 
phase – has no significant effect in terms of size, PDI and ZP. In spite of this, the previously 
mentioned condition is ideal for the formulation in question, due to the improvement in EE. 
Upon decreasing the aqueous phase volume, better EE is achieved because less 
amount of drug is both lost and dissolved in the aqueous phase (107). 
During solvent evaporation, two main mass transfers take place: solvent diffusion and 
its later evaporation into the air, which means that the oil nanodroplets - with the solvent 
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removal - become rich in polymer, begin to solidify and transition into NP. When evaporation 
is carried out for a shorter period of time, the diffusion of the organic solvent out of the oil phase 
may not have been complete before hardening of the nanodroplets occurs. On the contrary, if 
the organic solvent is allowed to evaporate for a longer time a greater extent of diffusion and 
evaporation of the solvent is ensured with enhanced outcomes in EE (36,37). 
Increasing the polymer amount increases the viscosity of the inner oil phase, providing 
an enhanced diffusional resistance to drug loss, thereby entrapping more drug molecules in 
the polymer NP and conveying a higher EE. Another reason might be that the time required 
for polymer precipitation decreases at higher polymer concentration, so there would be less 
time for drug to diffuse out. Yet another possible reason could be related to the unsaturation 
of encapsulation, as there is a larger amount of polymer to encapsulate the same amount of 
drug (108–110). 
It should be mentioned that although the effect of the polymer amount in varying the 
viscosity of the oil phase is commonly taken into account, the viscosity of the aqueous phase 
is rarely modified as it is very close to that of the water (36,111). 
 
Fig. 6 - Size, PDI, ZP and EE comparison for the two conditions 
 
DRUG QUANTITY 
As demonstrated (Fig. 7), one might imply that the quantity of drug is not the key 
fundamental principle to define any of the NP’ characteristics. The LD, in contrast, is obviously 
proportional to the quantity of drug used in the experiment. 
Initially, the 4mg possibility was carried out but quickly changed to 1 mg as an attempt 
to improve conjugation with PEG. In attributing the difficulty of PEG-functionalization to the C1 
incomplete encapsulation, lowering its fraction would improve the chance of the drug being 
entrapped within the polymer matrix instead of adsorbed onto the surface of the NP. 
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Fig. 7 - Characteristics of the NP with the two tested fractions of C1 
4.2. NANOPARTICLES FUNCTIONALIZATION 
 
pH 
Although optimal activation of the carboxyl groups is given in acid conditions (pH 4.5-
6.5), the polymer (AcDexSp) is acid-sensitive and so the final pH of the crosslinking solution 
must be at least 7.0, hence the two protocols evaluation (72,112). 
The results in terms of size, PDI and ZP (Fig. 8) were relatively the same, suggesting 
that the carboxyl activation additional step brings no substantial advantage. Slightly acidic pH 
is ideal for the PEG’s carboxyl groups activation, though neutral pH also provides them in 
sufficient amount in the protonated form so they are ready to participate in the EDC/NHS 
coupling chemistry. 
 Theoretically, to settle the conjugation, a basic pH should be favored since the 
spermine’s amine groups, present in the surface of the NP, are of high pKa. The pKa values 
for free spermine’s primary and secondary amines have been reported to be 10,1 and 10.9 
and 8.0 and 8.8, respectively. This, in turn, at pH 7.0, entails the presence of protonated amino 
groups and hence with not as strong nucleophilic capability. That being said, the relevance of 
neutral pH lies with the Sulfo-NHS ester poor stability. In fact, the Sulfo-NHS ester revealed to 
be stable in acidic and neutral pH solutions but lost reactivity in basic solutions due to 
spontaneous hydrolysis (72,113,114). 
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Fig. 8 - Size, PDI, and ZP for the two protocols 
 
NP: PEG RATIO AND REACTION TIME  
As might be seen (Fig. 9), there are no major differences for the two time points and 
thus the four-hour reaction was preferred to assure the NP’ complete reaction within the Sulfo-
NHS ester stability time frame, which is reported to be of only just a few hours at physiological 
pH (72,112). 
As for the NP: PEG ratio, the DLS and ELS methods were not enough to deliver any 
indication about the optimal ratio. Further characterization with the FTIR (data not shown) 
established the impossibility of drawing conclusions, as the supposedly created amide bond, 
which embodies the functionalization proof, was not evidently apparent in the FTIR spectra for 
the ratios which were evaluated in this optimization attempt. It was then decided to increase 
the NP: PEG ratio to 1:10, in order to warrant visual confirmation in the form of the typical 
amide bands. 
 
Fig. 9 - Size, PDI, and ZP for the different time points and NP: PEG ratios 
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PHYSICAL ADSORPTION 
The disparity in ZP stands out over Fig. 10 analysis. The lower ZP has to do with 
functionalization, more precisely, with the presence of negatively charged carboxyl groups at 
the end of PEG molecules and the occupancy of the spermine’s amine groups, both 
decreasing the overall NP positive charge - due to the cationic nature of AcDexSp. This implies 
the non-specifically adsorbed PEG removal from the surface of the NP during the washes and 
goes to show that covalent coupling assembles a stronger bond and a more stable conjugate 
than ionic adsorption (115–118). 
 
Fig. 10 - Size, PDI, and ZP for the PEG/NP mixture versus conjugation  
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4.3. NANOPARTICLES CHARACTERIZATION 
 
4.3.1. SIZE, PDI AND ZP 
As depicted in Table 4, no meaningful changes in particle size were detected in the 
PEG-functionalization step for bare NP, suggesting minimal particle decomposition under the 
reaction conditions. In fact, the slight increase in size may be attributed to the presence of PEG 
in the NP’ surface. On the other hand, for drug-loaded NP, the size massively increased with 
PEG-functionalization, indicating colloidal instability.  
All types of NP demonstrated a relative homogeneous size distribution with a PDI <0.3. 
Bioconjugation was corroborated by the change in ZP for the bare NP – from 44,1 to 
26,3, that is. However, one must point out the ZP contrast between the pairs of conjugated 
and non-conjugated NP: while AcDexSp and C1@AcDexSp NP displayed similar results, the 
alteration from AcDexSp-PEG to C1@AcDexSp-PEG NP supports the notion that aggregation 
might have occurred.  
Although not clear how, something to do with the surface of the NP could somehow be 
the cause for obtaining increased-size NP and so an optimized functionalization was not 
achieved. In fact, the present of C1 in the supernatant kept from the last wash (data not shown) 
entails that the drug incomplete encapsulation within the polymer matrix, in other words, parts 
of C1 might have been in the surface of the NP rather than completely covered by the polymer 
matrix and hence preventing conjugation. 
Table 4 - DLS and ELS for the different types of NP 
 AcDexSp C1@AcDexSp AcDexSp-PEG C1@AcDexSp-PEG 
Size (nm) 272 ± 33,9 298 ± 84,9 322 ± 26,5 838 ± 38,5 
PDI 0,24 ± 0,03 0,23 ± 0,06 0,25 ± 0,02 0,16 ± 0,01 
ZP (mV) 44,1 ± 11,1 50,0 ± 4,90 26,3 ± 1,07 9,50 ± 2,16 
 
4.3.2. MORPHOLOGY 
The low magnification TEM images (Fig. 11) illustrate spherical and reasonable 
homogenously sized nanosystems, in accordance with the earlier obtained results concerning 
narrow size and its distribution. As a matter of fact, with regard to TEM imaging, the gradual 
size increase is fairly perceived from AcDexSp to C1@AcDexSp and, even more, from the 
former and the latter to AcDexSp-PEG NP. 
It is also possible to deduce that bare NP functionalization has no obvious effect on the 
morphology, since the nanosystems retained their structure.  
TEM analysis was not performed for C1@AcDexSp-PEG NP given that, within the 
arranged time period set for this study, conjugation was not managed to be optimized in terms 
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of their size which suggested aggregation. In in vitro testing, aggregates may lead to 
misrepresentative results and impairment of experimental reproducibility since, for instance, 
both cellular uptake and cytocompatible profile might be biased. Likewise, in in vivo 
administration, aggregation will lead to rapid clearance by the reticuloendothelial system, with 
the possibility of entrapment in the liver or the lungs due to capillary occlusion, thereby limiting 
the chance for NP to reach their therapeutic targets (119–122). 
 
 Fig. 11 - TEM for the different types of NP 
4.3.3. CHEMICAL COMPOSITION 
Analysis of PEG, AcDexSp NP and AcDexSp-PEG NP infrared spectra (Fig 12.) 
confirms PEG-conjugation. The appearance of amide-indicative bands at 1565-1570cm-1 
(amide II: in plane N-H bending and C-N stretching - marked in dark blue) and 1630-1640cm-
1 (amide I: amide C=O stretching - marked in light blue) represents the formation of a covalent 
amide bond, whereas the appearance of a shoulder at 1735cm-1 (C=O stretching from –COOH 
- marked in grey) denotes the presence of free carboxyl groups. 
 
Fig. 12 - ATR-FTIR spectra of PEG, AcDexSp NP and AcDexSp-PEG NP 
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4.3.4. BEHAVIOR UNDER PHYSIOLOGICALLY RELEVANT pH-CONDITIONS 
As can be observed, in Fig. 13, both types of NP maintained their structural integrity for 
up to 2h, at either value of pH. From that time point onwards, dissolution of the polymer matrix 
ensued, albeit with different rates for both types of NP and values of pH. 
The degradation rate seems to be faster at pH 5.0, with the nanocarriers complete 
disappearance after 28h. This upholds the notion that AcDexSp decomposes in mild acidic 
conditions, being classified as an acid-sensitive polymer. It should be mentioned that 
functionalized NP appeared to have higher degradation rate than their non-conjugated 
counterparts. 
 
Fig. 13 - Behavior of AcDexSp and AcDexSp-PEG NP at pH 5.0 and 7.4 
4.3.5. DRUG RELEASE 
First, in Fig. 14, the partial resemblance between the free drug dissolution profile and 
the drug-loaded NP release one (either PEGylated or not), in their respective dissolution 
medium, indicates that both their release is only to a certain extent dictated by the degradation 
rate of the outer AcDexSp matrix.  
If one compares the three-colored curves in account to the percentage of released 
drug, at the 30min time point, at pH 5.0 it decreases from 87% (control) to 24 (C1@AcDexSp) 
and 50% (C1@AcDexSp-PEG) and at pH 7.4 it goes from 30% (control) to 3 (C1@AcDexSp) 
and 15% (C1@AcDexSp-PEG). It appears that in the beginning, both types of NP, conjugated 
or not, restrain C1 dissolution, although this sustained release is clearly prolonged at pH 7.4 
as evident from the same comparison applied to the last time points.  It is reported that this 
relatively small burst with sustain release suggests that most of C1 was indeed entrapped in 
the core of the NP rather than weakly bound or adsorbed in the surface (81,88,123–125). 
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Release being much faster at pH 5.0 is, on one hand, in accordance with the drug 
higher solubility at this value of pH, as is clear from C1 dissolution curves comparison, in which 
the drug exhibits a burst dissolution profile (73% of drug dissolved after 2min) at this value of 
pH. On the other hand, it also fairly corroborates the polymer pH-responsive properties, 
already detailed (in section 4.1.4.), and underlines the concept that a higher degradation of the 
polymer matrix will pave the way to a faster drug release.  
The release kinetics and mechanism of C1 was evaluated by plotting the release data 
into various mathematical models including zero-order, Higuchi, Hixson-Crowell and 
Korsmeyer-Peppas (Table 1). The linear regressions are summarized in Tables 5 and 6, where 
R2 is the squared correlation coefficient, k is a rate constant and n is the release exponent.  
The analysis of drug release mechanism was performed in regard to the different 
release exponents (Table 3), with values of n indicating that all NP released C1 through the 
cooperative processes of diffusion and erosion. Despite this, diffusion is most certainly the 
predominant mechanism, since after the release media penetration and drug dissolution, C1 
diffuses through the small porous already existent in the polymer matrix or the channels which 
are being formed with the help of erosion (82,86,87,126,127). 
The exception for the above lies with C1@AcDexSp-PEG NP at pH 5.0. The logical 
explanation is that adding up to higher degradation rate of AcDexSp at pH 5.0, the presence 
of PEG provides the NP a hydrophilic surface that enables water penetration into the polymer 
matrix, which accelerates the degradation process in such way that matrix erosion becomes 
faster than drug diffusion (81,126,127). 
On the basis of the best fit model with the highest R2, the results, as expected, are in 
line with the ones above, given that the kinetic model leads the mechanism of drug release. 
For pH 7.4 and for C1@AcDexSp NP at pH 5.0, the kinetic of C1 release was best expressed 
by Higuchi’s model where the diffusion of the drug is proportional at the square root of time. 
For C1@AcDexSp-PEG NP at pH 5.0, conversely, the kinetic of C1 release was best 
expressed by Hixson-Crowell’s model where the release of the drug is erosion-dependent and 
so proportional to the surface area of the nanosystem (82,87). 
On a side note, the interference of the NP drying step must not be neglected, since it 
may have meddled with the polymer solid-state. It is reported that crystalline polymer matrices 
have rough surfaces with large surface areas, unlike amorphous polymer matrices which are 
just the opposite. The former results in reduced release whereas the release from the latter is 
much larger because a smoother and smaller surface has greater porosity. Temperature is a 
process engineering aspect that should be carefully tampered with since drawbacks of its 
elevation are quite a few, from decreasing of EE to the morphology becoming coarser and, if 
too high, disnature of the drug might arise (36,37,110,128). 
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Fig. 14 - Drug release of C1, C1@AcDexSp and C1@AcDexSp-PEG at different pH conditions 
 
Table 5 - Release mechanism of C1 from the NP at different pH conditions 
 
pH 5.0 pH 7.0 
C1@AcDexSp C1@AcDexSp-PEG C1@AcDexSp C1@AcDexSp-PEG 
Korsemeyer-
Peppas 
R2 0,989 0,992 0,758 0,946 
n 0,841 1,114 0,683 0,847 
Kkp 0,867 0,837 0,403 0,599 
 
Table 6 - Release kinetics of C1 from the NP at different pH conditions 
 
pH 5.0 pH 7.0 
C1@AcDexSp C1@AcDexSp-PEG C1@AcDexSp C1@AcDexSp-PEG 
Zero-order 
R2 0,617 0,405 0,906 0,739 
k0 x 10-3 57,00 53,80 63,10 94,50 
Higuchi 
R2 0,866 0,934 0,987 0,934 
kh x 10-3 2609 2987 2546 2987 
Hixson-
Crowell 
R2 0,768 0,245 0,957 0,982 
- khc x 10-3 1,600 1,800 1,000 3,200 
 
4.3.6. STABILITY IN CELL MEDIUM 
Bearing in mind that in in vitro systems NP may interact with components of the cell 
culture prior to any cellular contact and that cell media complexity may affect such interactions, 
it became imperative to access their colloidal stability in the protein-supplemented and 
electrolyte enriched CCM (129–131). 
In Fig. 15, the increase of size and PDI over time is visible for AcDexSp NP, whereas 
for the PEGylated NP, these two parameters remained constant throughout the test time 
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points. In either case, the surface charge dropped to »(-)16mV because ZP was measured in 
DMEM with 10% of FBS, which is rich in negatively charged molecules (proteins) (129). 
As soon as NP are dispersed in the medium adsorption of proteins occurs. The low 
colloidal stability of the non-conjugated NP is explained by the favorable interaction between 
the positively charged amino groups on the surface of the NP and the negative charge of this 
proteins. Consequently, the electrostatic stabilizing repulsive forces decrease in favor of the 
van der Waals destabilizing attractive ones and thus aggregation succeeds. Actually, 
numerous studies have shown that protein adsorption plays a prominent role regarding NP’ 
stability and their interaction with biological systems (132–137). 
In contrast, the PEG-functionalization prevents the formation of destabilizing attractive 
van der Waals interactions by steric stabilization, that is, by increasing the steric distance 
between NP. As a matter of fact, surface modification, and subsequent steric stabilization, is 
the most generally acknowledged approach to improve colloidal stability. Moreover, 
PEGylation entails more hydrophilicity via ether repeats forming hydrogen bonds with the 
solvent. It has been demonstrated that PEG, a well investigated and widely used polymer in 
the field, can reduce protein adsorption and act as a physical barrier to block NP aggregation 
(64,119,138–140). 
 
Fig. 15 - Stability of AcDexSp and AcDexSp-PEG NP 
4.3.7. CYTOCOMPATIBILITY STUDIES 
 In Fig. 16, one may verify that, at the three-hour time point, for all types of NP, the CV 
was close to 100%. Inversely, at the twenty-four-hour time point, the functionalized NP 
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remained non-cytotoxic for concentrations up to 1000µg/mL, whereas the non-conjugated 
ones presented dose-dependent CV: the number of viable cells dropped from »90 to »50% 
with rising NP concentration. 
Cytotoxicity depends, among other factors, on cellular uptake, which, in turn, is 
essentially governed by size, hydrophobicity and charge. In order to reach conclusions about 
surface effects (hydrophobicity and charge, that is), one must not neglect the importance of 
size. In this study, comparisons were valid given that the size of the NP in question was 
reasonably similar. 
The lower cell CV of AcDexSp and C1@AcDexSp NP is due to the presence of the 
positively charged spermine’s amine groups. In fact, cationic NP cause more pronounced 
disruption of plasma membrane integrity, stronger mitochondrial and lysosomal damage and 
a higher number of autophagosomes (141). 
The higher cytocompatibility of PEGylated NP, besides its intrinsic hydrophilic nature, 
may be attributed to the lower level of cell uptake and so PEG was able to shield NP interaction 
and reduce cell killing. It has actually been reported that PEG coating can significantly 
decrease unspecific intracellular uptake. Also reported is the shielding of cationic groups by 
PEGylation which decreased both cytotoxicity and efficacy linked to positive charge 
(54,115,142,143). 
 It appears that C1 drug has no noteworthy effect concerning CV, since no different 
outcome was detected when comparing bare and drug-loaded NP. 
 
Fig. 16 - CV studies for the different types of NP 
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5. CONCLUSIONS AND FUTURE PERSPECTIVES 
5.1. CONCLUSIONS 
 
The main conclusions of the present dissertation are resumed as follows: 
Ø Process and formulation variables can be effectively altered while aiming to achieve the 
desired NP characteristics. In this investigation, the best combination of said variables was 
determined to be with DCM as organic solvent, an intermediate concentration (2.5%) of 
surfactant, doubling the amount (25mg) of polymer, maximizing the evaporation time (3h) 
while minimizing the aqueous phase volume (1.5mL) and a small drug amount (1mg); 
Ø In absence of standard conjugation protocols, each particular case (nanoparticle + 
biomolecule) requires optimization, since NP’ functionalization is crucial to impart biological 
recognition and interaction skills. PEGylation was optimized to a four-hour time point and 
a ratio of 1:10 (NP: PEG); 
Ø The impossibility of PEGylation for drug-loaded NP was never fully understood, due to 
ambiguous results: the presence of C1 in the last supernatant (indicating incomplete 
encapsulation) and the sustained release from the polymer matrix (entailing its presence 
at the core of the NP); 
Ø Upon functionalization both stability and biocompatibility of the nanosystem improved. In 
this study, it has been established that cationic surface charge of the NP correlates with 
greater cytotoxicity and that PEG-conjugation reduces the adsorption of proteins to the NP’ 
surface. In a broader context, understanding the factors that influence NP’ colloidal stability 
and cytocompatibility when put in contact with biological media is paramount while aiming 
at the development of safe and effective nanotherapeutics for clinical use; 
Ø One of the aims of the study focused on developing a nanosystem for pH-triggered drug 
delivery. On this note, a substantial difference in drug release should have been observed, 
more specifically, a sustained and burst release at neutral and acidic environment, 
respectively. This ensures that the cargo is only allowed to be released in the target tissue 
in response to intracellular acidification upon cellular uptake. The possible explanations for 
not obtaining such results are, most likely, related to the drug used in this study. C1 turned 
out to have a pH-dependent solubility, making extrapolations harder for the also pH-
dependent polymer matrix degradation. Additionally, one must reinforce that C1 was not a 
truly poorly-water soluble drug. 
5.2. FUTURE PERSPECTIVES 
 
Some suggestions and considerations for upcoming studies are listed as follows: 
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Ø Aiming at boosting the change of conjugation, a new drug and organic solvent ought to be 
considered. This because C1 demonstrated to be quite hydrophilic (with a burst release in 
aqueous medium) and so, with a real hydrophobic drug and a less polar organic solvent 
(such as chloroform), one would guarantee drug confinement within the organic phase and, 
hence, within the polymer matrix, by avoiding its migration towards the surface of the NP. 
Ø The possibility of carefully controlling the degradation rate of AcDexSp can be taken 
advantage of and, depending on the desired intent, may vary from minutes to months. It is 
therefore recommended the pursue of reaction time’s effect on acetal coverage (47). 
Ø MeOH is a well-known toxic for human health, so that it is metabolized to formic acid and 
subsequently leads to metabolic acidosis, blindness and death. Being a degradation 
product of AcDexSp, one must consider if high-frequency dosing would not result in the 
release of unsafe levels of said compound. The ensuing logical step would be the use of 
an AcDexSp-analog which has the much safer EtOH as one of its byproducts (47). 
Ø In spite of the fact that the pH of the functionalization turned out to be irrelevant, not 
immediately triggering the quest for in-depth research, one must stress the critical need of 
an intensive investigation into the mechanisms of EDC/NHS coupling under various 
experimental conditions such as ratio (EDC: NHS), coupling time and buffer type (112). 
Ø Several other factors should be reflected upon while designing a PEGylation protocol. In 
what PEG’s chain length is concerned the goal is to improve circulation time, whether by 
using larger PEG molecules (with small NP) which prevent excretion and enhance 
recirculation, or smaller ones (with large NP) due to the further increase in size. 
Additionally, the PEG’s terminus charge, either positive (amine) or negative (carboxyl) may 
come into play in phagocytic events (64). 
Ø PEGylation of nanosystems may be extended to other drugs with short plasma half-life, 
low bioavailability and/or poor water solubility, since it can strategically overcome these 
delivery barriers. Nonetheless, one must mention that repeated injections of PEGylated 
material end up showing markedly decreased plasma half-life, which is thought to be 
related to increased splenic production of immunoglobulin M (64). 
Ø As an alternative, besides ELS and FTIR, the successful functionalization could also had 
been confirmed through elemental analysis, where the amount of conjugated PEG per 
milligram of NP could be calculated by balancing the percentage of each chemical element 
and the chemical structure of PEG. 
Ø In the behavior under physiologically pH-relevant conditions, supplementary digital photos 
of the nanocarriers, at different time points, might had been taken, in order to observe the 
transition from opaque suspension to transparent solution, when decomposition of the 
polymer matrix is completed (52). 
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Ø It is quite often verified that in vitro release studies do not correlate with in vivo release 
profiles. That happens because physiological conditions are much more complex than the 
buffer solutions commonly employed. For enhancing the accuracy of the evaluation, one 
may use simulated release media or design in vivo release models, albeit for this last 
alternative one should also consider the time, the cost and the fact that mathematical 
models, which can represent the real physiological conditions, have yet to be developed 
(80).    
Ø The stability testing carried out in this investigation is rather limited. First, the protein levels 
of the CCM (DMEM with 10% of FBS) are approximately twenty times lower that in human 
plasma. Secondly, due to financial restraints, cell media suppliers only analyze certain 
components, not accessing the lipid content or other specific proteins. As a result, the 
different composition, when paralleling supplemented cell media and human plasma, 
impedes the direct extrapolation of data obtained in vitro to colloidal behavior of NP in vivo 
(129). Even if human plasma was used, there is another undermining factor, which is 
largely overlooked and has to do with the fact that physiological fluids are dynamic by 
nature, with blood moving at different speeds, ranging from a few micrometers per second 
(in the capillaries) up to sixty centimeters per second (in the ascending aorta) (12). 
Ø The cytocompatibility studies would benefit with the addition of new types of cells, such as 
primary cardiomyocytes and non-myocytes (fibroblasts). Cardiomyoctes are major 
constituents of the mammalian heart. Fibroblasts, on the other hand, turn out to be a central 
type cell in the injured area during the post-MI healing phase. One might even mimic 
hypoxia by pretreating the cells with cobalt chloride prior to any CV experiments (144).  
Ø The present study intended to use PEG as a spacer for further functionalization with a 
heart-homing molecule, which was not possible, due to time constrains. The first and 
foremost challenge in heart targeting is the lack of a specific cardiac marker. Keeping this 
in mind, Ferreira et al. worked with peptide-conjugated NP, more specifically, atrial 
natriuretic peptide (28 amino acid sequence: SLRRSSCFGGRMDRIGAQSGLGCNSFRY), 
P2 (9 amino acid sequence: CSTSMLKAC) and P3 (12 amino acid sequence: 
CRSWNKADNRSC), providing plenty of data for their future employment as nanovectors 
in MI and HF (145). Later on, Ferreira et al. went to show that atrial natriuretic peptide-
functionalized NP accumulate into the endocardial region of the failing heart, where it is 
known for this molecule to be predominantly expressed (144). 
Ø Despite the emerging advances in the field of nanoscience applied to cardiovascular 
disease, with reports of both in vitro and animal studies rapidly and steadily being 
published, their successful clinical translation remains elusive. In fact, of the enormous and 
growing arsenal of nanotechnology developed to date, few have reached clinical trials and 
even fewer have been approved for clinical use. One of the main issues is the mass 
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production of NP for clinical development and commercialization, due to the lack of 
reproducible manufacturing processes. Other shortcoming, explaining the huge gap 
between bench discoveries and clinical trials, is the biological identity of NP. When in 
contact with biological fluids, NP are quickly surrounded by a layer of proteins, the so-
called protein corona, which defines their biological identity and which has not yet been 
properly addressed in the field of cardiac nanotechnology. One must then stress the 
concept of personalized therapy for designing safe and effective NP, given the inter and 
intra-patient variations in blood plasma composition (12). 
Ø Overall, the present work provides a universal, biocompatible and functional platform for 
controlled intracellular nanodelivery, taking into account that this system could be suitable 
for the encapsulation of other bioactive compounds with potential applications in distinctive 
biomedical fields.   
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